A numerical investigation has been conducted to analyze the influence of the dynamic ground effect on the aerodynamic characteristics of a rectangular wing. The numerical model is based on a three-dimensional panel method and the ground effect is analyzed using the method of images. Before simulating the wing approaching the ground, the model developed was tested assuming fixed height and the results were examined by comparison to analytical and numerical results showing a good agreement. Then, the dynamic ground effect was investigated for two flight conditions: constant rate of descent and varying rate of descent. The results obtained by dynamic ground effect and those ones computed using static ground effect were compared evidencing that the static ground effect underpredicts the lift coefficient and overpredicts the induced drag coefficient. In addition, for these flight conditions, the lift coefficient increases when non-dimensional height decreases observing that it is more significant for a constant value of rate of descent, and the induced drag coefficient decreases while non-dimensional height reduces evidencing a significant decrease for a varying rate of descent. Finally, the effect of the flight path angle was evaluated demonstrating that the lift and the induced drag coefficients decrease with more negative flight path.
I. Introduction
uring take-off and landing, the aerodynamic characteristics of an airplane are influenced by the ground proximity. This interaction is known as ground effect. Wieselberger 1 studied the ground effect in finite wings using the lifting line theory and the image method, which consists in placing a mirror image of the study object under the ground plane.
Chen and Schweikhard 2 analyzed the dynamic ground effect in a two-dimensional flat symmetrical airfoil by changing the distance between the airfoil and the ground plane with time. However, the numerical solution had some limitations to assign the wake position. New numerical techniques permitted solving these limitations, allowing studying wings and airfoils in dynamic ground effect. Katz 3 used the vortex lattice method to simulate the flow around a finite wing moving near the ground. The numerical model allows the wake warps and rolls freely. Furthermore, Nuhait, 4 Nuhait and Mook, 5 and Mook and Nuhait, 6 employed the vortex lattice method to study finite wings in dynamic ground effect. Subsequently, Nuhait and Zedan 7, 8 studied flat and camber airfoils moving near the ground, respectively, using a vortex lattice method. Then, Nuhait 9 created a numerical model based on the vortex lattice method to study finite wings with cambered airfoil section moving near the ground. These researches showed that the aerodynamic coefficients of airfoils, wings and airplanes flying near the ground are considerably affected, specially the lift coefficient ( ), in dynamic ground effect.
Curry and Owens 10 documented the flight test of the supersonic transport Tu-144 to evaluate the ground effect of an airplane in sink maneuvers. The results are in conflict with the data obtained previously by Nuhait, 9 because significant changes were not achieved between the aerodynamic coefficients obtained in ground effect and those ones in dynamic ground effect. Flight-testing is the best method to predict any aerodynamic phenomenon related to flight mechanics; the limitation is that it is difficult to take accurate data in flight.
D Rohlf and Friehmelt
11 presented take-off and landing maneuver data of the X-31 VECTOR achieved by in-flight system identification. The flight simulation data attained using the values obtained by wind tunnel testing and computational fluid dynamics do not agree with the data found using flight testing, so they proposed a correction system for lift, drag and pitching moment coefficients as a function of height. Boschetti and Cárdenas 12 observed that the situation previously described must be due to the dynamic ground effect and they proposed an identification model for this case; also, they detected a dynamic instability near the ground in the subsonic unmanned airplane ANCE X3d.
Finally, González et al 13 developed an automatic landing system for the ANCE X-3d and concluded that an unstable response produced by the dynamic ground effect has a strong influence in the flare maneuver.
In Ref. [4] [5] [6] [7] [8] [9] , airfoils or wings flying near the ground were simulated at constant height considering the flow as non-stationary. Usually, the aerodynamic coefficients in ground effect at specific altitude are evaluated by wind tunnel testing and/or using computational fluid dynamics setting a constant height above the ground. However, during takeoff and landing the airplane changes its height as function of time.
The aim of this paper is to evaluate the influence of dynamic ground effect in the aerodynamic characteristics of a wing in sink and flare maneuvers using a panel method scheme.
II. Mathematical Formulation
Consider a finite cambered wing immersed in a uniform unsteady flow with free-stream speed ∞ moving near the ground. The wing is placed at a height ℎ above the ground and this is set at an angle of attack . According to Wieselberger, 1 the ground effect is simulated by adding the image of the wing and its wake below ground, satisfying the no penetration boundary condition.
For unsteady incompressible potential flow, Katz and Plotkin 14 used the method of solution developed for steady flow, introducing the time dependency through the boundary conditions. The computation of the aerodynamic response of the wing requires the selection of the coordinate systems. The zero normal flow boundary condition is applied in a body fixed coordinate system ( , , ). The motion of the origin of this coordinate system is then described in an inertial frame of reference ( , , ) and it is assumed to be known. When = 0 , the inertial frame coincides with the frame ( , , ). Then, at > 0 the relative motion of the origin of the body-fixed frame of reference is described by its location ( ), and the instantaneous orientation ( ).
The flow is considered incompressible, inviscid and irrotational. These flow fields are governed by the continuity equation of the velocity potential ( , , ), and it is defined in the inertial frame,
The first boundary condition requires zero normal velocity across the solid boundaries of the wing,
where v is the velocity of the surface and is the vector normal to this moving surface. The second boundary condition requires that the flow disturbance should diminish far from the wing, due to the motion of the wing through the fluid,
where = ( , , ). Additionally, in the potential flow region, the angular momentum must not change, and the circulation Γ is preserved.
The solution of this problem requires a transformation between the two coordinate systems established, based on the flight path information of Eqs. (1) and (2),
Similarly, the transformation of the kinematic velocities is
where 0 is the velocity of the original system, Ω = (̇, ,̇) and v = (,,). The transformation of Eq. (3) into the wing frame reference will not change and the continuity equation remains as In addition, the two boundary conditions Eqs. (4) and (5) should state the same physical conditions.
III. Numerical Scheme
The model developed is based on the solution method described by Katz and Plotkin 14 using vortex-ring elements. The thin-wing planform is divided into a finite number of panels, . The zero normal flow boundary condition is imposed at the collocation points located at the center of the each vortex ring. At = 0, the wing starts the motion, no wake yet exists, the no-penetration boundary condition becomes,
where is the velocity induced by unit circulation around the vortex-ring and its three images, Γ is the circulation, and [ ( ), ( ), ( )] is the time-dependent kinematic velocity component due to the motion of the wing at each collocation point .
When > 0, the normal velocity component at each point on the camber line is a combination of the self-induced velocity, the kinematic velocity, and the wake induced velocity ( , , ) ,
The wing trailing-edge advances and a wake vortex-ring is created using the new aft points of the trailing edge vortex-ring and the two points where these points were during the previous time step. The strength of the most recently shed wake vortex-ring Γ is set equal to the strength of the shedding vortex Γ . . −Δ in the previous time step. Once the wake vortex is shed, its strength is unchanged.
The influence coefficients are calculated using the Biot-Savart law. According to the Biot-Savart law, the velocity induced by a straight vortex line segment at a point is
The Biot-Savart law has a singularity when the point of evaluation for induced velocity is located on the vortex filament axis. When the evaluation point is very near the vortex filament, there is a large unphysical induced velocity at that point. This could be fixed using a cut-off radius, 15 or by a viscous vortex model with a finite core size by multiplying a factor to remove the singularity. 16 The correction applied is based on the viscous core correction model by introducing a finite core size, , for a vortex filament, 17 in order to take into account the effect of the viscous vortex core, a factor of must be added to the Biot-Savart law as
where is defined as the perpendicular distance of the evaluation point and is a small integer.
Once the Biot-Savart equation is desingularized, the solution is obtained applying the Gauss-Seidel interactive method, because the influence coefficients matrix has a dominant diagonal.
The aerodynamic forces are computed by the unsteady Bernoulli equation, which is applied to the top and bottom surfaces of each panel to find the pressure jump, which results in a local lift contribution, is the panel area and is the local angle of attack. Then, the pitching moment is calculated at the aerodynamic center, approximately to 25% of the chord from the leading edge of the wing,
Finally, the local induced drag is determined using the component of downwash that acts along the local lift vector,
The first term is due to the downwash induced by the streamwise vortex lines of the wing and the second term is due to the fluid acceleration.
A. Wake Model
The wake elements are trailed and shed based on the time-marching method; 18 each vortex must move with the local stream velocity, which can be written as
The governing equation for the wake geometry is
Abedi 18 pointed out that different numerical schemes may be used to solve Eq. (17) such as the explicit Euler method, the implicit method, the Adams-Bashforth method, and the predictor-corrector method, but in terms of accuracy, stability and computational efficiency, the best is the predictor-corrector scheme, which was selected in this case. In the predictor step, the Euler explicit method is used to get an intermediate solution for the position of Lagrangian markers. The velocity field in the corrector step is calculated based on the position of Lagrangian markers computed in the predictor step. Mathematically, the predictor step is defined as
and the corrector step becomes
IV. Description of the Program
A code written in MATLAB® was created using the numerical algorithm previously described. The MATLAB® program was written in a script in a file extension "m", which consists of a series of interactive commands listed together in order to perform some calculations to obtain the aerodynamic coefficients. These functions are created for executing specific calculations such as to calculate influence coefficients for determining the induced velocity of each vortex-ring on the wing influencoeff.m, to solve a set of algebraic equations which result of implementing the zero normal flow on the surface of the wing gausseidel.m, wake induced velocity wakevelocity.m, and the velocity induced at each wake vortex points for the wing winginduc.m and for modeling the wake wakeinduc.m. The code starts by defining the geometry of the wing and the flight conditions, then, it continues performing the calculations explained previously in the numerical scheme to obtain the aerodynamic coefficients. When execution is completed, the aerodynamic coefficients are printed in the MATLAB® Command Window using the function fprintf.m.
V. Case Study
A rectangular wing of aspect ratio of 8.587 and wingspan (b) of 5.187 m with no twist or dihedral was used to evaluate the panel code method described previously. This wing was selected because previous numerical data had been published in Ref. [12] in static ground effect and in free flight. The wing is tested at different heights in order to verify the code solutions in static ground effect. Figure 1 presents the vortex lattice representation of the wing used herein.
In the present runs, the wing is started to move at an angle of attack ( ) parallel to ground at a fixed height until the steady condition is reached. Figures 2 and 3 show that the aerodynamic coefficients obtained increase with time towards an asymptotic value.
The results obtained were compared with the analytical expressions to estimate the drag reduction factor (G) presented by Suh and Ostowari 19 and Laitone, 20 which are shown in Eqs. (18) and (19), respectively, and the values obtained using ATHENA, PAN AIR and CMARC presented in Ref. [12] . Figure 4 represents the induced drag factor as a function of a non-dimension height (h∕b). This shows that the results from the numerical model developed agree closely with analytical results and those ones obtained using ATHENA, PAN AIR and CMARC.
Similarly, the results predicted for the lift ground effect influence ratio (
by the presented method were compared with those obtained using PAN AIR, CMARC and ATHENA data, and the closed-form relation for untwisted tapered wings at small aerodynamic angles of attack developed by Phillips and Hunsaker. 21 Figure 5 shows a good agreement for ℎ > 0.5 ⁄ . Figure 6 shows that lift coefficient gradually increases while non-dimensional height decreases, because the pressure on the lower wing surface increases. 22 However, the lift coefficient values decreased with the reduced height at low , which is observed in some researches, [23] [24] [25] and it is caused by the thickness effect. It can be observed that when the wing is near the ground, this can reach large values of with low angles of attack; nevertheless if the height is augmented; it is necessary to increase the angle of attack for the same value of lift coefficient.
Similarly, Fig. 7 shows the pitching moment coefficient as a function of angle of attack at different h/b. The pitching moment coefficients slopes are lower when the wing approaches the ground, while for ℎ > 0.5 ⁄ it remains constant.
On the other hand, Fig. 8 presents the lift coefficient as a function of the induced drag coefficient at different h/b. It can be observed that the drag coefficient values decrease when height values diminish. For lower lift coefficients, the induced drag coefficient varies slightly with respect to the height because the contribution of the lower wing surface to the drag is not significant, owing to the normal direction of the wing surface to the flow stream.
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A. Descent Flight Simulations
The prediction of ground effect on the aerodynamic characteristics shown previously was calculated assuming that the height of the wing is fixed in time, this assumption could not model the real flight conditions for the wing during take-off and landing, because the height is changing with time 2 and this generates a unsteady flow phenomenon identified as dynamic ground effect.
The final phase of the landing or flare was modeled according to, 
where h is the height above the runway, and ℎ 0 is height of flare starting point. Figure 9 illustrates the geometry of the flare path.
The rate of descent of the flare is determined by differentiating Eq. (23), where can be obtained by specifying the distance to the touchdown point.
Chen and Schweikhard 2 studied a two-dimensional airfoil in two flight conditions: constant rate of descent and varying rate of descent, and in this case, both conditions were considered. Figures 10 and 11 show the comparison between lift coefficient and induced drag coefficient as function of non-dimensional height obtained for constant rate of descent, varying rate of descent, and those ones obtained at fixed height. It can be observed that the lift coefficient values and induced drag coefficient values obtained for static ground effect are lower than those ones computed for dynamic ground effect. The clearance between the values at initial height (h/b=1.1) obtained at fixed height concerning to static ground effect and those ones obtained in descent flight is owing to the angle of attack is a function of the sink rate (ℎ̇), as is shown: = 0 + atan(ℎ̇∞ ⁄ ) (Ref. 2) . However, this clearance is not constant, this vary with height possibly due to dynamic ground effect. This analysis evidences that significant lift and induced drag changes occur due to the dynamic ground effect. Figures 10 and 11 present the results of the landing approach simulation to evaluate the influence of the varying rate of descent and the constant rate of descent on the aerodynamic coefficients. The comparison shows that for constant rate of descent, the lift coefficient is increased while the wing is approaching the ground, and for varying rate of descent, when the wing approaches the ground plane the lift coefficient value decreases between free flight and h/b=0.39, then this value increases. Concerning the induced drag coefficient, for varying rate of descent, it decreases while the height diminishes, but when considering a constant rate of descent, this value increases slightly to h/b=0.28 and then continues to decline. Figures 12-15 show the effect of the flight path angle. These show that the flight path angle has little effect in the lift coefficient and induced drag coefficient during descent flight. Figures 16 and 17 illustrate the wake generated for the wing at a constant rate and a varying rate of descent, respectively, with an angle of attack equal to 2 deg and a flight path angle of -2.5 deg.
VI. Conclusions
A numerical investigation has been conducted to analyze the influence of the dynamic ground effect on the aerodynamic characteristics of a rectangular wing. First, a numerical model was developed and its accuracy was tested. The lift coefficient and induced drag coefficient variations when the wing is approaching the ground are similar to those obtained from analytical and numerical models. Then, landing approach conditions were simulated for the final phase of the landing. The results obtained were examined by comparison to those obtained for static ground effect. It can be observed that the lift coefficient values and induced drag coefficient values obtained for static ground effect are lower than those ones computed for dynamic ground effect, demonstrating that the changes of the height with time produce significant changes in lift and induced drag coefficients.
Two flight conditions were simulated to analyze the dynamic ground effect: constant rate of descent and varying rate of descent. For constant rate of descent, the lift coefficient of the wing is increased as the wing is approaching the ground, and when it is considered a varying rate of descent, the lift coefficient value decreases between free flight and h/b=0.39, then this value increases. Regarding the induced drag coefficient, for varying rate of descent this decreases while non-dimensional height diminishes, however for a constant rate of descent, this value increases slightly to h/b=0.28 and then continues to decline.
The accuracy of the present model for dynamic ground effect could not be evaluated, since there is not experimental data available for comparison. 
